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Abstract. In this paper, we present a new algorithm for tracing waves
on seismograms and digitalising the waves into single vectors in the form
of a time series data. The algorithm consists of two main components
that will be used to handle the smooth and complicate cases, respectively.
The underlying feature of the algorithm lies in a novel searching process
based on examining the context of pixels to ascertain how the tracing
moves forward. The algorithm has been evaluated on a limited number
of samples and the result demonstrates its competence. The work pre-
sented can be regarded as an effort of developing a uniform earthquake
archive covering both the historical and the digital device periods for
future reassessment of the seismic hazard cross the world. The archive
developed will serve as an effective means for discovering precursor of
earthquakes by characterising the spectral seismograms and the source
parameters of less active sources, whereby permitting comparative stud-
ies on earthquakes and development of prediction models.
Keywords: Analogous seismograms, digitalization of seismic wave, vec-
torization of analogous signal
1 Introduction
Many countries have a long history of using seismographs to record the ground
motion with analogous measurements for monitoring earthquakes and place mas-
sive historical seismograms in the achieve storages [1]. Seismograms contain rich
information including displacement, velocity, or acceleration of the ground mo-
tion, they are particularly important in zones with a low to moderate seismicity
associated with seismogenic sources with medium to long recurrence intervals
[2]. Although a large number of digital seismic networks have been constructed
across countries in the past decades, there are no uniform seismogram archives
that consist of both the historical and the digital device periods, allowing seis-
mologists to conduct the reassessment of the historical seismic hazards. It is
extremely difficult for scientists to retrieve original seismograms for a particular
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historic seismic event and recover seismic information contained in old records
[2]. Digitalisation of analogous seismograms is therefore imperative for develop-
ing uniform seismogram achieves, permitting researchers to analyse and study
earthquakes at local and global scales with different historical periods.
Several studies have recently been reported in the literature [6], [7], [8], [9]. In
[3], the authors developed an algorithm that can be used to extract waves from
individual seismograms and concatenate them to 24 hour single waves. A fur-
ther development of this work is a waveform tracing algorithm called Waveform
Mosaic Algorithm that is able to approximately vectorize analogous seismo-
grams based on local features in tracing seismograms [4]. An interactive system
designed for automatic digitization of waveform has been reported in [5], the
authors convert the digitization of seismograms as an inversion problem. The
system integrates automatic digitization with manual digitization and users can
interactively switch between these two modality functions to complete wave trac-
ing tasks.
In this paper, we present a new algorithm for tracing waves on seismograms
and digitalising the waves into single vectors in the form of a time series data.
The development of this algorithm is based on the previous work [3], but the
idea of this algorithm is on the basis of backtracking within a neighborhood
of any dichotomous points (white and black), and concatenating black points
in fragments into single waves in the form of digital vectors. The underlying
difference between the algorithm from the previous one is, when searching next
black points, all points within a neighborhood will be examined instead of the
points in vertical lines based on local features. In addition, we develop an effective
method for counting white points along the tracked waves, which can be used to
evaluate and compare the performance of algorithms. This paper presents the
detailed design of the algorithm and performance comparison with the previous
algorithm [3].
Seismographs record the displacement, or velocity, or acceleration of the
ground motion. Only one value is recorded at each time. No matter what the
recording are, the traces aligned together and give several continuous series of
black pixels, rather than one series, at each time point [2].
2 Description of Seismograph Readings
Seismometers, also called seismographs, are instruments that record motions of
the ground, including those of seismic waves generated by earthquakes, volcanic
eruptions, and other seismic sources. They could take measurements of ground
motion and draw measurements on papers, each time only one value is recorded.
No matter what the recording are, the traces are aligned together to form con-
tinuous series of black pixels, Due to the size of a paper, the continuous motion
will be recorded on paper with equal segment of component waves for 24 hours,
and then replaced with another paper. Fig. 1 illustrates an example of seismo-
gram, the numbers labelled on the paper indicate recording times. In order to
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vectorise seismograms, the first step process is to trace segments of waves and
concatenate them into vectors in the form of a time series of format.
Definition 1: Let Si = {(xi0, yi0), · · · , (xiM , yiM )} be a component wave on
seismograms, where xij is a time stamp and y
i
j is an amplitude value. In addition,
let S = S0τS1τ · · ·SK be a seismogram, where K is the number of component
waves, τ is an operation that concatenates component waves to a single seismo-
gram.
From Fig. 1, we can see that it is straightforward to concatenate the time
stamps of all component waves by operator τ in a linear way, i.e. x0M +x
1
0, x
1
M +
x20, · · · , xk−1M + xK0 , but the alignment of amplitudes to a single seismogram is
complex. This will involve converting image pixels on a seismogram to amplitude
values based on pixel grey-level values across waves, placing them onto the same
coordinate system along with a zero point, and then adjusting them with offsets
by accounting for the zero point. Simply, suppose yi0 be a starting reference point
of wave yi in y coordinate axis and ∆yi−1 be difference between yi and yi−1 in
y coordinate axises of two traced waves, then we have
y1
′
j = y
1
j −∆y0j ,
y2
′
j = y
2
j −∆y1j −∆y0j ,
· · ·
yK
′
j = y
K
j −
K−1∑
i=0
∆yij
where 0 ≤ j ≤ M . Following the above process, all component waves Si(0 ≤
i ≤ K) will be placed down in the same y coordinate reference and then can be
concatenated in a linear way corresponding to the concatenated time stamps.
After that a seismogram will be vectorised into a time series wave. However prior
to vectorising seismograms above, we have to perform image processing, i.e. a
binarization process of enhancing image pixels with white and black points and
use black pixels to trace each component waves into vectors. We detail the design
of the algorithm in following sections.
As a seismogram wave can be either smooth or of fluctuation. The former
does not contain much changes throughout the wave, whereas the latter may
include many irregular parts with large variations. Thus the tracing algorithm
consists of two main functions designed on the basis of smooth and complex
situations.
3 Description of Wave Tracing Algorithm − Tracing a
Smooth Seismogram Wave
Zooming in a wave as shown in Fig. 2, we can take a fragment and illustrate it
in Fig. 3. It can be seen that a wave is not a single pixel width line, actually
it is composed of many pixels vertically. Instead tracing whole width pixel line,
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Fig. 1. A sample of original seismogram
Fig. 2. A fragment of the original seismogram in Fig. 1
the process is first to search the highest and lowest point values and then move
forward in the middle of the wave pixel by pixel or with a number of pixels as a
step.
Fig. 3. A single seismograph line
Specifically assume P0(x0, y0) be the starting point of a wave, which is also
referred to as the first key point, εx and εy be the searching steps. The searching
process designed is, for a key point (xi, yi), to move forward through checking
whether the next point Pi(xi + εx, yi) is a black pixel. If yes, the process will
vertically search from Pi(xi + εx, yi) up and down until reaching the highest
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and lowest values, denoted by L(yi) and H(yi) as illustrated in Fig. 3, and then
decide a new next key point Pi+1 as follows:
xi+1 = xi + εx = x0 + (i+ 1)× εx (1)
yi+1 =
L(yi) +H(yi)
2
(2)
The above searching process is repeated until a new key point is not a black
pixel and then turn to the complicate case given in the following section.
ω = H(yi)− L(yi) (3)
where ω is the width of a wave, which will be used as a searching range for the
complicate case.
4 Description of Wave Tracing Algorithm − Tracing a
Seismogram Wave with Fluctuations
Following the process given in Section 3, if Pi(xi + εx, yi) is not a black pixel,
the tracing process becomes complex, and needs to account for the situations of
irregular variations, wave crests and noise, etc.
Fig. 4. Searching key points in one pass
Given Pi(xi + εx, yi) being a white pixel, we assume V be a vector, holding
so called base points. The first step of the searching process is to start from
Pi(xi, yi) to search all base points as shown in Fig. 4 and put them into V . This
process will result in V [0] = Pi(xi+0, yi), · · · , V [r] = Pi(xi+r, yi).
For each base point, it divides a wave fragment to two parts − up and down
ones, correspondingly the searching process consists of upward and downward
cases. The following will detail how the searching process is conducted in tracing
a wave into a vector.
6 Yaxin Bi, Shichen Feng, Guoze Zhao and Bing Han
4.1 Upward Case
For each base point in V , by the smoothing algorithm the searching starts from
a base point up and down vertically until reaching the leftmost and rightmost
points that are referred to as the left and right slope points, as illustrated in Fig.
5. For each of these slope points, it is represented by a six by six grid, denoted
by G, as shown in Fig. 6, where the central cell G[0][0] holds either left slop or
right slope point.
For the right slope point case of upward tracing, the searching process is
composed of horizontal and vertical two steps. Through checking a white pixel in
the upper right of the grid, the algorithm decides to turn the searching direction
towards the leftmost point, denoted by LM, and then the searching process will
turn to move up. Prior to moving up, a key point has to be generated into a
vector, denoted by V U . Specifically if G[1][1] is a white pixel, the search turns the
left direction and apply the smooth algorithm horizontally trace until reaching
the leftmost point as illustrated in Fig. 5, and then a key point will be generated
into V UR by Equation (4),
V UR [i] = (
|LM.x− G[0][0].x|
2
,G[0][0].y) (4)
where i starts from 0 with one pixel increment. In addition, the searching from
the right slope point to the leftmost point has to be stratified with an approx-
imate certain range obtained by Equation (4), as it is very likely for one wave
line to cross another, thereby searching the leftmost point might go astray.
Once the leftmost point reached and a key point generated, the second step
is to use the leftmost point as a starting point for the smooth algorithm, the
searching will move up until reaching the right slope point, which will be rep-
resented by G[0][0]. If G[1][1] is a white pixel, the searching towards the leftmost
point will repeat the process as in the right slope case above until G[−1][1], G[0][1]
and G[1][1] are all white pixels. This means the searching arrives at a crest of
the wave, the searching process stop and the last key point will be obtained by
Equation (5) below.
V UR [i] = (G[0][0].x,G[0][0].y −
ω
2
) (5)
For the left slope point case, the searching process is almost the same as
the right slope point case. Instead of checking G[1][1], the algorithm will check
if G[−1][1] contains a white pixel. If yes, the search turns the right direction
and apply the smooth algorithm horizontally trace until reaching the rightmost
point as illustrated in Fig. 5. Likewise a key point will be generated into V UL by
Equation (6),
V UL [i] = (
|RM.x− G[0][0].x|
2
,G[0][0].y) (6)
and the rightmost point will be treated as a starting point for the smooth al-
gorithm, the searching will move up until reaching a left slope point, which will
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be represented by G[0][0] again, the subsequent searching will repeat the above
process until G[−1][1], G[0][1] and G[1][1] are all white pixels, that means that the
searching arrives at a crest of the wave. In order to avoid generating a duplicate
key point with the right slope case above, the searching process just stops and
a key point will not be generated.
Once the searching process for one base point stop, V UL [∗] and V UR [∗] will
be concatenated and then linked to Pi(xi, yi). In the following, we describe the
second part of the algorithm that the fragment wave is below the same base
point.
Fig. 5. Tracing a curve in the vicinity of a key point
Fig. 6. Searching black pixels in the vicinity of a key point
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4.2 Downward Case
In the downward case as illustrated in Fig.5, the searching process starts moving
down vertically from the base point and move up when reaching a tough of the
wave. The first point encountered is the left slope point, like the situation of
the left slope point in the upward case above, this point is denoted by G[0][0].
If G[1][−1] is a white pixel, the searching will turn the right direction and trace
horizontally until reaching the rightmost point, denoted by RM, and then a key
point will generated by Equation (7) below.
V DL [i] = (
|RM.x− G[0][0].x|
2
,G[0][0].y) (7)
where i starts from 0 with one pixel increment.
The subsequent searching will turn from the rightmost point to move down
vertically to find another the left slop point, denoted by G[0][0] again. This search-
ing process will repeat until G[−1][−1], G[0][−1] and G[1][−1] are all white pixels,
the searching processing stops and the last key point is obtained by Equation
(5).
The second part of searching in the downward case is a moving upward
process, which is similar to the situation of the left slop point in the upward
case. In this situation, the left slop point is denoted by G[0][0]. If G[0][0] contains
a white pixel, the searching will trace horizontally a rightmost point, denoted
by RM, and a key point will be generated by
V DR [i] = (
|RM.x− G[0][0].x|
2
,G[0][0].y) (8)
where i starts from 0 with one pixel increment.
Noted that the downward case considers the left slop points in both moving
up and moving down, which is different from those in the upward case. Here is
a summary of the searching algorithm described above:
For the upward case:
– for the left slop point, turn right to reach the rightmost RM.x
– for the right slop point, turn left to reach the leftmost LM.x
– for the above two case, searching process is moving up
For the downward case:
– for the left slop point on the left hand side of a wave, turn to right and reach
the rightmost RM.x, and searching is moving down
– for the right slop point on the right hand side, turn to right and reach the
rightmost RM.x, searching is moving up
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5 Evaluation - Comparing Traced Waves with Original
Data
Given the algorithms in Sections 3 and 4, now we introduce how the accuracy of
the algorithms for digitalising seismograms can be measured. Since there are no
benchmark methods and data available for evaluation, we present the basic idea
of the deigned measurement that can be used as an indicator of performance of
the algorithm.
In the above, we use P (xi, yi) to hold all the traced points, where xi represents
time stamps on x-axis and yi are wave amplitudes. The tracing algorithm picks y
value with a ten pixel interval for the smooth case, and with less than ten pixels
for the complex situation that can be tuned or adjusted. The assumption here
is that each of P (xi, yi) corresponds to a black pixel on the original seismogram
that was used to derive P (xi, yi). However, if the corresponding pixel on the
original seismogram is a white one, that means the tracing algorithm has not
appropriately picked a black pixel. Fig.7 is a traced wave line, which has been
redrawn on the original seismogram as shown in Fig.8. It can be seen that the
traced wave approximately depicts the shape of the original wave seismogram,
it is extremely challenging to trace the locus of seismic waves with precision and
certainty. Fig.9 presents a tracing result by the previous algorithm [3].
Fig. 7. Tracing on a single wave line
Fig. 8. Tracing accuracy on single wave line
Additionally for each of the traced points in P (xi, yi), the tracing process
involves comparisons with all possible points within its neighbourhood. As il-
lustrated in Fig. 6, the comparisons can involve 23 possible points to compare
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Fig. 9. Previous algorithm tracing on a single wave line
in order to ascertain tracing proceeding direction. Meanwhile from Definition 1,
the number of windows is K, in which each window consists of M points. There-
fore the computational complexity of the tracing algorithm can be estimated by
O(K ×M + 23).
In order to quantify the accuracy and make a quantitive comparison with
the previous algorithm, we denote the number of white pixels held in P (xi, yi)
by Nw, then the measure for tracing error is defined as Equation (9) below:
ET =
Nw
|P | (9)
where |P | is the length of vector P . By Equation (9), Fig. 10 illustrates an
evaluation result, it can be seen that in s smooth case, 96% tracing accuracy has
been achieved. Note that when calculating the accuracy, we did not consider the
overlapping points, thus a range is added to estimate numbers of overlapping
points on total number of points.
!
Fig. 10. An illustration of evaluation of the algorithm with 97% tracing accuracy
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6 CONCLUSIONS
Although several attempts have been made and considerable improvements have
been achieved in digitalizing analogous seismograms for the past decades, vec-
torised seismograms by automatic digitalization approaches are still not perfect,
which could be reviewed as approximations of the original seismograms to some
extent and require human intervention to subsequently undertake corrections.
Even so, it is envisaged that the digitalization of historical seismograms allow
research scientists to recover seismic information contained in old records, and
perform comparative studies on the spectral characteristics and the source pa-
rameters of less active sources with the recent results. Therefore we believe that
the algorithm developed in this study provides a useful tool for the digitalization
of analogous seismograms and contribution to improvement of seismic hazard as-
sessment in many regions of the world.
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